Two cyclen-derived Gd probes, [GdÀDOTAM] 3+ and [GdÀDOTP] 5À (DOTAM = 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetamide; DOTP = 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrakis(methylenephosphonate)), were assessed as paramagnetic relaxation enhancement (PRE)-inducing probes for characterization of proteinÀprotein interactions. Two proteins, Desulfovibrio gigas rubredoxin and Desulfovibrio gigas cytochrome c 3 , were used as model partners. In a
H NMR titration it was
shown that [GdÀDOTP] 5À binds to cytochrome c 3 near heme IV, causing pronounced PREs, characterized by line width broadenings of the heme methyl resonances at ratios as low as 0.08. A K d of 23 ( 1 μM was calculated based on chemical shift perturbation of selected heme methyl resonances belonging to three different heme groups, caused by allosteric effects upon [GdÀDOTP] 5À binding to cytochrome c 3 at a molar ratio of 2. The other probe, [GdÀDOTAM] 3+ , caused PREs on a well-defined patch near the metal center of rubredoxin (especially the patch constituted by residues D19ÀG23 and W37ÀS45, which broaden beyond detection). This effect was partially reversed for some resonances (C6ÀY11, in particular) when cytochrome c 3 was added to this system. Both probes were successful in causing reversible PREs at the partner binding site, thus showing to be good probes to identify partners' binding sites and since the interaction is reversible to structurally characterize protein complexes by better defining the complex interface.
' INTRODUCTION
The paramagnetic trivalent lanthanide ions constitute a series with similar chemical behavior but very different physical properties as a result of their partially filled 4f electron shell. Therefore, each trivalent lanthanide ion exhibits different characteristic effects on the NMR parameters of a nucleus in their proximity. Such perturbations, including lanthanide-induced shifts (LIS) and paramagnetic relaxation enhancements (PRE), have been extensively exploited for elucidation of molecular structures, including those of proteins and nucleic acids in solution.
1À3
When a Lewis base interacts with a Ln 3+ ion, its NMR-active nuclei are influenced by the presence of the unpaired f electrons, leading in some cases to a shift to a different NMR frequency but always to a paramagnetic relaxation enhancement and broadening of its resonance. The paramagnetic Ln 3+ ions (except Gd 3+ ), due to the anisotropic spatial distribution of unpaired f electrons, originate a dipolar LIS in solution, called pseudocontact shift (PCS), which is useful to obtain structural information. If, however, the Lewis acidÀbase interaction is partially covalent, a small amount of the unpaired electron spin density can reach the molecular framework of the base and originate a second type of LIS, the contact (or scalar) shift.
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The pseudocontact or dipolar shift (PCS) is due to the local magnetic field induced in the observed nucleus by the anisotropy of the magnetic susceptibility tensor χ of the lanthanide ion. Since the PCS depends on 1/r 3 , it is observable for nuclei at relatively long distances; for certain lanthanides with larger magnetic moments, such as Dy 3+ , and depending on the relative orientation of the lanthanide ion magnetic susceptibility tensor to the nucleus under observation, PCS effects can be observed at distances of up to 40 Å from the paramagnetic center. 3, 4 The lanthanide ion Gd 3+ has 7 unpaired electrons distributed isotropically throughout its 4f shell and therefore cannot produce a NMR dipolar shift in solution. Nevertheless, it is highly efficient in causing nuclear relaxation, which led to the successful use of Gd 3+ -based contrast agents in MRI (magnetic resonance imaging). Paramagnetic relaxation enhancements by Gd 3+ are dominated by the dipolar contribution for all nuclei except those directly bound and can be described by the SolomonÀBloem-bergen equations (eqs 1 and 2), assuming that the complexes undergo isotropic reorientation
where μ 0 /4π is the magnetic permeability of vacuum, μ eff is the effective magnetic moment of Gd 3+ , ω I and ω S are the Larmor frequency of the nucleus under study and of the electron spin, respectively, and τ ci (i = 1, 2) is given by
where τ R is the rotational tumbling time of the complex, τ M is the chemical exchange time, and T ie are the longitudinal and transverse electronic relaxation times. The relaxationenhancing effect diminishes steeply upon increase of the distance from the lanthanide ion due to its 1/r 6 dependence. However, at short distances it leads to dramatic line width broadening (up to 0.040% of the Larmor frequency for a proton at 5 Å from the paramagnetic source 1 ), but unlike other lanthanides, it does not originate any significant PCS, residual dipolar couplings (RDC), or cross-correlation rate (CCR) effects. This characteristic is fundamental for accurate distance-dependent measurements. 5 Furthermore, Gd 3+ compounds can also be used as primers for paramagnetism-based NMR structure calculation experiments by facilitating determination of the metal position relative to the macromolecule under study, which will assist in analysis of the spectral aspects induced by the magnetic susceptibility anisotropy of other lanthanides. 6, 7 Consequently, relaxation data are particularly powerful in obtaining the geometrical parameters of a nucleus in the proximity of the Gd 3+ ion. Early use of Ln 3+ ions as NMR structural probes of proteins in aqueous solution using PCS and PRE effects has been reviewed. 8 More recently, these paramagnetic structural constraints were used together with RDCs and CCRs induced by Ln 3+ different from Gd 3+ to better define the structure of lanthanide-substituted proteins, such as the Ca 2+ -binding proteins calbindin D 9k and calmodulins. 4 ,9À18 When an intrinsic diamagnetic metal substitution is not possible or cannot be engineered inside the core of a given protein, paramagnetic probes or tags can be constructed for covalent attachment to the protein in order to weakly orient it in a magnetic field, yielding PCS and RDCs.
19À27
An approach to study proteinÀprotein interactions, which does not need generation of protein mutants to covalently bind paramagnetic tags, is the use of cosolute paramagnetic complexes. 28 Recognition of a protein surface by another surface is a molecular process largely dependent on long-range electrostatic forces that make the surfaces approach each other, but its selectivity is mainly driven by very specific short-range hydrophobic effects. The potential energy surfaces of the interacting proteins depend on the polarity, size, shape, and flexibility of their surfaces, which are determined by the geometric distribution of cationic and anionic surface residues, which are concentrated in charged patches, 29 in many cases surrounding hydrophobic patches.
Studies of the noncovalent binding of small charged cationic and anionic paramagnetic chelates to protein surfaces can be used as a tool to study protein surface recognition by NMR. One of those case studies involved cytochrome c and use of small complexes of different sizes, shapes, and charges as paramagnetic NMR shift and/or relaxation agents. Analysis of the localization of their binding sites was possible through observation of the NMR effects on specific resonances, which functioned as reporter groups. 30, 31 The specificity of most of the neutral or low charged Ln ) that can bind specifically to protein sites where an arginine residue is present. 15 In this work, we tested the possibility of increasing the surface probe specificity by increasing its negative or positive charge in order to act as a strong outer-sphere chelator ([Ln(DOTP)] 5À , H 8 DOTP = 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrakis(methylenephosphonic acid), and [Ln(DOTAM)(H 2 O) 3+ ], DOTAM = 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetamide) and using Gd 3+ as the chelated lanthanide ion, as PRE has a shorter range than PCS. The [Ln(DOTP)] 5À probes were found to preferentially bind to lysyl residues. 37 
28
These proteins can be considered as models for other FeS centers or heme proteins, respectively, and have characteristics complementary to one another. While rubredoxin is essentially acidic at physiological pH (pI ≈ 4) with a hydrophobic patch in the vicinity of the metal center, the environment around the four heme groups of cytochrome c 3 can vary between negatively charged and positively charged, though this protein is also acidic (pI ≈ 5). These different charged patches create a range of different conditions that can model the binding of each GdÀ chelate probe ( Figure 2 ). In addition, the paramagnetic relaxation probes were used to obtain information on the interface of the well-characterized complex between rubredoxin and cytochrome c 3 28 by comparing the PREs obtained by the probe on the protein alone with those obtained on the complex formed with its partner. (ii). Data Acquisition. 1D NMR spectra were recorded using presaturation of water with a spectral width of 60 ppm for 32k data points and 1024 scans accumulated. To improve the signal-to-noise ratio, an exponential multiplication by 10 Hz line broadening of the free induction decay was applied prior to Fourier transformation. 1 HÀ 15 N HSQC spectra were obtained using a phase-sensitive and water flip-back pulse sequence. The spectral widths are 7200 Hz for 1 H and 2430 Hz for 15 N. A total of 2048 data points in t 2 and 4 transients for each of the 256 t 1 were used. NMR spectra were processed with TOPSPIN 2.1 provided by Bruker. 15 N relaxation measurements (R 1 , R 2 , and steady-state 1 
HÀ
15 N NOE) were acquired using two-dimensional heteronuclear NMR experiments using standard pulse sequences. These experiments were performed for the following mixtures: [GdÀDOTAM] 3+ Àrubredoxin at 2:1, cytochrome c 3 Àrubredoxin at 2:1, and [GdÀDOTAM] 3+ À cytochrome c 3 Àrubredoxin at 2:2:1. Relevant spectra were acquired using 13 different delays ranging from 5 to 1000 ms (inversion recovery, for R 1 ) or 14 different time delays ranging from 16 to 256 ms (CPMG (CarrÀPurcellÀMeiboomÀGill) pulses, for R 2 ). All spectra were recorded at 298 K on a Bruker Avance III 600 MHz spectrometer equipped with a TCI cryoprobe and a variable-temperature control unit and processed using TOPSPIN 2.1 by Bruker.
1 H chemical shifts were referenced to the H 2 O resonance (4.76 ppm at 298 K), and 15 N chemical shifts were referenced indirectly using the above 1 H reference and gyromagnetic ratios (0.101 329 118).
(iii). Data Analysis. The chemical shift difference of the cytochrome c 3 heme methyls upon binding of Gd probe was analyzed considering a model for two identical binding sites. The chemical shift difference was nonlinear least-squares fitted using eq 4, considering a fast exchange equilibrium
in which
/2. K d and Δδ max were obtained simultaneously by nonlinear least-squares fitting the chemical shift difference using eq 4.
The D. gigas cytochrome c 3 -induced changes in amide peak position of ZnÀrubredoxin, Δδ HN (in ppm), were reported as a combination of the changes in the proton (ΔδH) and nitrogen (ΔδN) dimensions according to the following equation
In the case of 15 N relaxation experiments, peak integrals were calculated using Topspin and the time constant of their intensity decay was calculated using nonlinear least-squares fitting following equations of the type I = I 0 3 e Àt 3 R1 + A or I 0 3 e Àt 3 R2 for R 1 and R 2 , respectively, where I represents the peak integral, I 0 the peak integral at t = 0, and t the incremental time delay. 45 The paramagnetic relaxation enhancement rate was measured as the difference in transverse relaxation rates between the paramagnetic, in the presence of Gd probe (R 2,para ), and diamagnetic (R 2,dia ), in the absence of Gd probe, states of Zn-substituted rubredoxin (eq 5)
' RESULTS AND DISCUSSION Cytochrome c 3 : A Negatively Charged Protein with 4 c-Type Heme Groups. D. gigas cytochrome c 3 , which at the working pH exhibits surface patches charged either positively (mostly around heme IV but also near heme III) or negatively (around hemes I and II, Figure 2) (White) Neutral residues. Images created with UCSF Chimera. 55 Coulombic charges calculated using the Amber force field ff99SB package for the aminoacid residues 56 and ANTECHAMBER for all other charges. 57 Inorganic
shown). This result indicates that there is no interaction between [GdÀDOTAM]
3+ and the heme groups of cytochrome c 3 . This can be explained considering that the expected electrostatic attractions exerted by the negatively charged exposed propionate side chains of the heme groups, other than heme IV, are being attenuated by unfavorable interactions with other positively charged patches in their vicinity or steric hindrance is being imposed on the somewhat bulky chelate.
However, binding of [GdÀDOTAM] 3+ to the cytochrome c 3 surface away from the hemes cannot be ruled out, which would prevent observation of the expected paramagnetic effects on the heme methyl resonances. In fact, a docking study performed with Autodock Vina 46 using the crystallographic structures of GdÀDOTAM and cytochrome c 3 as inputs does not succeed in placing the Gd 3+ ion closer than 7 Å to any methyl group from any of the 4 hemes. In fact, the minimum distance for most of the solutions obtained was between 8 and 9 Å (data not shown), a distance too large for PREs to be detected in the heme methyl resonances.
Therefore, since cytochrome c 3 was chosen as a probe for studying the feasibility of Gd chelates as paramagnetic relaxation enhancers for (multi)heme proteins and specifically for the model complex with rubredoxin, no subsequent studies were performed on the cytochrome c 3 À[GdÀDOTAM]
3+ complex. On the other hand, titration of cytochrome c 3 with [GdÀDOTP] 5À shows that there is a dramatic increase in the line width of the heme IV methyl M2 resonance of cytochrome c 3 and to a lesser extent of heme IV methyl M18 resonance, even at low ratios of [GdÀDOTP] 5À to protein (Figure 3) . A similar effect on the line width of these two methyls had been observed in the interaction between cytochrome c 3 and FeÀrubredoxin. 28 All other heme methyls resonances remain essentially unchanged in terms of line broadening, though some start to exhibit small shifts (with heme III's M2 being the most striking example).
The patch of positively charged lysines in the vicinity of heme IV enhances the probability of [GdÀDOTP] 5À binding. The most solvent-exposed methyl groups of heme IV (M2 and M18) appear to suffer a more pronounced effect than the other assigned methyl resonance of heme IV (M12), which is buried in the protein core at a distance of 8 Å from the surface. This effect becomes more pronounced as the titration progresses. Indeed, the M2 resonance becomes broadened beyond detection, while M18 experiences both line width broadening (of 110 Hz) and a small chemical shift (data not shown, Supporting Information Table S1 ).
Several other methyl resonances belonging to other heme groups, but with special emphasis on the ones of heme III (resonances M2 and M12), also experience chemical shifts but without significant broadening ( Figure 4 and Table S1 , Supporting Information). This might be due, as postulated by us and other authors, 28, 47 to small conformational rearrangements of the cytochrome upon ligand binding, thus altering the chemical environment of the other heme groups. The lack of line broadening excludes direct binding of the paramagnetic probe in the vicinity of the other heme groups, as the presence of Gd implies that these chemical shifts cannot be due to long-range pseudocontact shifts. 48, 49 The chemical shift variation enabled estimation of a value for the dissociation constant, K d , of 23 ( 1 μM for a 2:1 ([GdÀDOTP] 5À :cytochrome c 3 ) binding model, considering two identical sites (Figure 4 ). This value is within the range of the dissociation constants determined for electrostatic-driven transient complexes.
50,51
15 NÀZnÀRubredoxin: An Acidic Target Protein. The effects of the two Gd probes on a small FeÀprotein, rubredoxin, were also examined. Figure 5A, blue) . Attending to the fact that this protein, at the working pH, is mainly negatively charged with a hydrophobic patch near the metal center (Figure 2A) , the results indicate that electrostatic repulsions with the negatively charged DOTP-coordinated Gd(III) ion avoided any significant interaction ( Figure 5A, blue) .
Contrary to what was observed with [GdÀDOTP] 5À , the interaction with [GdÀDOTAM] 3+ resulted in significant spectral changes ( Figure 5B, blue) . It also becomes clear, just from spectral analysis, that resonances near the rubredoxin metal center become broadened, some beyond detection ( Figure 5B , blue), and that, as expected, there are no significant chemical shift variation for any of the observed resonances due to the presence of this probe. 6 Two different analyses of the effect of [GdÀDOTAM] 3+ addition were performed. In one case, the PRE rates were Inorganic Chemistry ARTICLE determined (data not shown), indicating that for the NH resonances that were still observed this rate increased on average 2 s À1 . This value is relatively small, compared with the ones reported in others studies using different Gd probes. 52 Otting and co-workers determined PRE rates of 40 s À1 for residues away from the probe binding site and attributed this enhancement mainly to a nonspecific bulk solvent effect. The value determined in the present case is indeed smaller, which can be explained considering that this Gd probe, [GdÀDOTAM] 3+ , has a remarkably slower water exchange rate 53 than the one used in that other study, [Gd(DPA) 3 ] 3-. 6 This in turn leads to a smaller fraction of water molecules being affected by the slow relaxation imposed by coordination to the Gd chelate, thus minimizing the bulk solvent effect that is brought upon by the exchange between the protein amide protons and the bulk water protons.
The other analysis of the paramagnetic effect was based on the volume ratio of the resonances and is presented in Figure 6 . This analysis shows that the amide resonances of 11 residues (D21, S22, G23, W37, A38, C39, V41, C42, G43, A44, and S45, Figure 6 ) are broadened beyond detection. Moreover, although only one of these residues is negatively charged (D21), they are located near a negatively charged surface patch of rubredoxin ( Figures 6B and 2A) , and indeed, the intensity of the amide resonances of the other negatively charged residues decreases significantly in the presence of [GdÀDOTAM] 3+ ( Figure 6A  and 6B ). This indicates that the interaction between rubredoxin and this Gd probe is driven by electrostatic forces.
Nevertheless, contrary to what was observed in the interaction with cytochrome c 3 , in the case of rubredoxin it is not possible to determine neither a binding affinity nor the complex stoichiometry. However, mapping of the residues, whose amide resonances experience the larger decrease in intensity, indicates that this interaction is specific and near a negatively charged surface patch ( Figure 6A and 6B) .
In order to determine whether [GdÀDOTAM] 3+ could be used as a relaxation probe to map and characterize the interface of protein complexes, the complex between rubredoxin and cytochrome c 3 was used as a case study. In Figure 5B the effects on rubredoxin amide resonances of adding 2 equiv of cytochrome c 3 (resonances in orange) to a solution of rubredoxin in the presence of 2 equiv of [GdÀDOTAM] 3+ are shown. These effects are either chemical shifts and/or recovery of signal intensity of some of the amide resonances (Figures 6 and 7) . However, it is important to mention that the intensity of many of the resonances that were broadened beyond detection does not even partially recover, with the exception of the amide resonances of three residues, D21, G23, and G43, which recover about 4% of their original intensity.
The magnitude of the observed chemical shift difference on the rubredoxin amide resonances in the presence of 2 equiv of [GdÀDOTAM] 3+ and 2 equiv of cytochrome c 3 is similar to the one observed in the absence of lanthanide probe (Figure 7) . 28 As mentioned, the presence of 2 equiv of [GdÀDOTAM] 3+ does not induce by itself chemical shift perturbations on the rubredoxin amide resonances larger than 0.02 ppm (data not shown), as expected for the interaction of such a lanthanide probe with an isotropic distribution of its unpaired electrons.
Therefore, attending to the fact that a chemical shift variation is observed on some resonances and others do not recover their intensity, it is proposed that cytochrome c 3 and [GdÀDOTAM] 3+ bind simultaneously to the rubredoxin surface. Indeed, both of these molecules might bind to rubredoxin with the same affinity (assuming a similar affinity as the one determined before for [GdÀDOTP] 5À , 23 ( 1 , and 25 ( 2 μM for cytochrome c 3
28
), and thus, even if competition for the same site is considered, the molar fraction of the bound molecule to rubredoxin would be 0.5 for both molecules, under these experimental conditions.
The ratio of the amide resonance integrals was analyzed and compared for three cases: , some of the amide resonances recover, at least partially, the intensity that was lost due to the line width broadening imposed by [GdÀDOTAM] 3+ : C6ÀY11, D35ÀD36, K46ÀD47, and E50ÀK51) ( Figure 6D 
Inorganic Chemistry
ARTICLE not detected have a slight increase in their volume ratio (D21, G23, and G43) ( Figure 6D) . Therefore, this analysis shows that although both molecules are binding simultaneously to rubredoxin, their binding sites are not superimposed (Figures 6 and 7) . Moreover, the observation that some amide resonances are shielded upon binding of cytochrome c 3 , in the presence of [GdÀDOTAM] 3+ , enables a better definition of the rubredoxin surface to which it binds.
In conclusion, it can be proposed that cytochrome c 3 binds to rubredoxin near its redox center, in a region that is mainly hydrophobic, while [GdÀDOTAM] 3+ is positively charged and thus prefers binding to a more negatively surface patch.
In the present work the Gd probe binds to a specific region of the rubredoxin surface and thus is used in a different perspective and not to determine solvent-accessible regions or flexible regions as in other reports (reviewed in ref 54). The region that is more strongly affected is negatively charged, and binding of this Gd probe in the presence of cytochrome c 3 enabled a better definition of its binding site.
' CONCLUSIONS
As hypothesized, the interaction between the negatively charged lanthanide chelator, [GdÀDOTP] 5À , and ZnÀrubre-doxin is negligible. This was expected since rubredoxin is extremely acidic, and thus, both the protein and [GdÀ DOTP] 5À have a negative net charge at the experimental pH values (7.6). Therefore, electrostatic repulsions dominate and prevent formation of any observable interaction. However, the interaction with cytochrome c 3 results in severe line broadening of resonances belonging to heme IV in a titration experiment, with the most exposed heme methyl, M2, being barely distinguishable from the baseline at a ratio of 0.08 and with M18 heme IV's methyl being less broadened (110 Hz). Chemical shifts occur in methyl resonances from the four heme groups but at larger extent than the ones from heme III and with a similar magnitude than the ones observed in the titration of cytochrome c 3 with rubredoxin. 28 This might be due to conformational rearrangements, since Gd 3+ does not induce pseudocontact shifts. Nevertheless, this effect enabled indirect determination of the dissociation constant of this probe. The estimated K d of 23 ( 1 μM for a 2:1 complex stoichiometry, with two molecules of Gd 3+ probe binding to cytochrome c 3 , is in line with this complex being an electrostatic-driven transient complex. Thus, it is proposed that the [GdÀDOTP] 5À probe can be used as a cosolute to identify positively charged patches at protein surfaces.
For the positively charged relaxation probe, [GdÀDOTAM] 3+ , the interaction with cytochrome c 3 is remarkably weak when compared to the chemical shift changes brought upon by [GdÀDOTP] 5À . Moreover, no significant line width broadening occurs, which also reinforces the observation that there is no binding of [GdÀDOTAM] 3+ to cytochrome c 3 near any of the heme groups. However, the interaction of [GdÀDOTAM] 3+ with ZnÀrubredoxin induced broadening on selected resonances near the active center, in some cases to the point of no detection. Addition of cytochrome c 3 partly reversed this effect, with some of the amide resonances recovering their intensity, but it was also observed that other resonances experience chemical shift perturbation in a similar magnitude to the ones observed in the presence of cytochrome c 3 alone. Therefore, it is proposed that both molecules bind simultaneously to rubredoxin but at a different site. Analysis of the shielded resonances in the presence of cytochrome c 3 enabled a better definition of its binding site.
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